(Intergovernmental Panel on Climate Change [IPCC], 2001
). However, failing to adjust for time-variant economic factors yields loss amounts that are not directly comparable and a pronounced upward trend through time that can be attributed to purely economic factors.
To allow for a comparison of losses over time, previous studies have adjusted past catastrophe losses to account for changes in monetary value in the form of inflation. However, in most countries, far larger changes have resulted from variations in human factors such as wealth and the numbers and values of properties located in the paths of the catastrophes ( Van der Vink et al., 1998; Changnon et al., 2001) . A full normalization of losses, which has been undertaken for the US hurricane (Pielke and Landsea, 1998; Collins and Lowe, 2001 ; National Oceanic and Atmospheric Administration [NOAA], 2005) and flood (Pielke et al., 2002) , also includes the effects of changes in wealth and population to express losses in constant dollars. These previous national US assessments, as well as those for normalized Cuban hurricane losses (Pielke et al., 2003) , have failed to show an upward trend in losses over time, but this was for the period before the remarkable US hurricane losses of 2004 and 2005. In order to assess global trends over time, we compiled a database of normalized economic losses attributed to weather-related catastrophes from 1950 through 2005 from a large and representative sample of geographic regions. Regions were selected that had a reasonable centralization of catastrophe loss information as well as a broad range of peril types: tropical cyclone, extratropical cyclone (windstorm), thunderstorm, hailstorm, tornado, wildfire, and flood. The surveyed regions also span high-and lowlatitude areas. Although global in scope, this study does not cover all regions. For example, we did not include losses from Africa or South America -first, because these continents are more affected by persistent climatological catastrophes (in particular, drought) than sudden-onset weather-related catastrophes. Also, the core economic loss data, in particular for much of Africa, were simply unavailable. However, the surveyed area included the large portion of the world's asset exposure and most of its population.
Data
We compiled economic loss data from international agencies, national databases, insurance trade associations, and reinsurers, as well as from RMS internal figures. Where possible, we tried to locate at least one government source with an official loss estimate. In some of the developing regions, this was not always possible and we deferred to private sector estimates or those 226 S. Miller and others provided by international bodies. We actively sought multiple loss estimates for events, and in cases where one event had different loss estimates we used the consensus mean estimate (or the median estimate if more appropriate). In cases where the quality of insured loss data exceeds that of economic losses, we estimated economic losses based upon insurance coverage ratios for the affected region and hazard type from contemporary insurance penetration rates. Data sources used for the normalization calculations are listed in Table 12 .1. Data coverage included the largest, best-known catastrophes as well as many smaller and midsize losses in developing regions. Of Swiss Re's list of the 40 costliest insured catastrophe events (Swiss Re, 2006) , 36 of these were due to weather-related catastrophes that were included in the study. Data quality varies by region. Datasets from a number of territories are clearly incomplete for the period through the 1950s and 1960s; see Figure 12 .1, which presents relative data completeness by decade. For this reason, any assessment of global trends prior to the 1970s has to omit a number of important contributory regions. This figure also illustrates the decade of maximum loss to provide a rough introduction to the pattern of high-loss events over time.
As an example, data for the India cyclone become less reliable for the period before 1965 and likely underreport the extent of losses during this period. Hail loss data for Canada are relatively sparse for the period before 1969. For a small proportion of countries, including China during the later stages of the Cultural Revolution, even for the 1970s the data are incomplete: China typhoon loss data underreport loss estimates prior to 1985; Korea typhoon data are unavailable for the period before 1978. However, despite these challenges, we believe it is possible to develop a global perspective of normalized losses from the 1970s and a more limited ''developed world perspective'' for the period from 1950. One of the most challenging countries to which to apply the normalization methodology was Cuba, as a result of issues with converting official losses from Cuban pesos given the discrepancy between the official and black market exchange rates. There were also problems with finding reliable Cuban wealth data (Pielke et al., 2003) . Nevertheless, we applied a consistent normalization methodology, recognizing that results may be imprecise. Economic data were taken from the United Nations' (UN) National Accounts Statistics Database and from International Monetary Fund (IMF) statistics. Population data were taken from the UN World Population Prospects: The 2004 Revision Population Database. We used global temperature data from the Climatic Research Unit (CRU) at the University of East Anglia.
Methodology
We normalized losses to 2005 US dollars (USD) by adjusting for changes in wealth (gross domestic product [GDP] per capita in USD), inflation, and population. This methodology is consistent with that used by Pielke and Landsea (1998) and is given below: NL2005 ¼ Ly Ã ðW2005=WyÞ Ã ðI2005Þ=IyÞ Ã ðP2005=PyÞ;
(12:1)
where normalized losses in 2005 USD (NL2005) equal the product of losses in year y and the change ratios in wealth (W), inflation (I), and population (P).
Where GDP per capita is expressed in nominal terms, we omit the inflation multiplier.
Caveats
There are five issues that merit discussion before we proceed to the results. * The reporting of economic loss estimates tends to improve with the size of the event (Downton and Pielke, 2005) and over time. Recent losses are almost everywhere better recorded due to improvements in communications, literacy, news coverage, and insurance penetration. Failing to account for the summation of small to midsize event losses below a certain monetary threshold (e.g., US$1 million) will certainly affect aggregated loss estimates for most countries in earlier decades; however, data on smaller events are both harder to come by and less reliable than those for larger events. The aggregate impact on loss trends for a given country or region is also minimal, which is why the focus here has been on the largest losses.
* The method of normalization employed here assumes a constant vulnerability through time. For wind and hail, vulnerability reflects the susceptibility of buildings to direct damage, while for floods and wildfires it is the degree to which communities have been protected from risk (with flood defenses and firebreaks). The bias of assuming constant vulnerability is strongest where substantial adaptation (mitigation) has occurred, as for normalizing 1950s and 1960s storm surge losses in northern Europe, 1950s and 1960s storm surge and river flood events in Japan, or 1970s wind loss events in Australia. However, for most perils and regions, such as the US hurricane, real reductions in vulnerability have been modest. The impact of adaptation on normalized losses is considered further in Section 12.7. Vulnerability may also change for reasons unrelated to mitigation. Changes in settlement patterns, the development of new structures, and increasing population (e.g., Florida) will also impact a given region's vulnerability.
* The normalization methodology employed uses national statistics to compute the multipliers. Previous US normalizations used state-and county-level data to normalize losses. With the benefit of county-level resolution in the United States, we can see that the population growth rate for certain coastal, hazard-prone regions such as Florida is understated by using the national average. However, we consider the large-scale migration to hazardous coastal areas seen in the United States to be the exception. In the developing countries we surveyed, industrialization has led to migration to urban areas, which generally have lower risk profiles than rural areas. In other countries, there has been a greater balance between urban and coastal migration patterns. For example, high-growth coastal regions such as Queensland, Australia, have a far lower ratio of population growth relative to the national average than Florida.
* For several reasons, US losses exert a strong influence on trend conclusions. Losses are better recorded in the United States than in developing regions, which generates more data points. In addition, the United States has the largest economy and one of the highest GDP per capita levels in the world. There is consequently a higher dollar value of assets at risk in the United States than in most other countries. The US Atlantic basin and Gulf Coast contain a large stretch of coastline that is annually vulnerable to hurricane losses. While the global normalized loss results derived with the methodology above and subsequent trend analysis are technically correct, we emphasize that they are heavily influenced by the large weight of US losses on global totals.
Normalization results
On a regional basis, the greatest concentration of losses occurs in the United States (36%), followed by China and Europe with 18% and 16% of the total, respectively ( Figure 12 .2). That regions with higher asset values at-risk should make up the largest shares of the total is not surprising. While normalizing losses to constant dollars allows for a meaningful comparison of losses over time within a region, it may be insufficient to compare losses over time between regions. By normalizing all countries to US GDP per capita, we approximate a homogenous distribution of wealth and control for the large impact of US normalized losses on the global total. If we remove differences that arise purely due to different levels of economic development, the distribution of losses changes noticeably (Figure 12. 3). India (52%) and China (38%) account for 90% of the total, and normalized US losses drop from 38% to 3%. When normalized losses are disaggregated by hazard type, flood is the costliest peril surveyed and accounts for 56% of normalized losses. Normalized tropical cyclone losses also constitute a sizable share (38%). Wind losses account for 4%, and other hazard types account for negligible shares of the total. Figure 12 .4 shows the trend in aggregate normalized losses and the trend by hazard type. The volatile pattern of losses in the earlier 1955 1960 1965 1970 1975 Year 1980 1985 1990 1995 2000 2005 Figure 12.4. Trends in normalized losses for global totals (blue), hurricane (brown), hail (green), flood (yellow), wind (gray), and wildfire (red decades is principally because the flood data are incomplete for both China and Japan for the period prior to the 1980s. It is notable that even with the incomplete data from the first two decades, the period of the 1970s and 1980s appears to have had lower levels of catastrophe losses than has been seen before or since.
Trend analysis
To test for a trend in normalized losses over time, we perform a linear regression of normalized economic losses in a given year on the year. The model is given below in Equation (12.2):
Normalized losses (NL) in year y are determined by the loss year (YEAR) y, where " is the error term. If time is a significant determinant of loss level, we would expect the year to be statistically significant. The coefficient sign will indicate the direction of the trend. We fit the regression twice using global normalized loss estimates as well as hazard type and regional subsets, first with data for 1950-2005 and then with data for (Table 12 .A1 in the Appendix). Owing to the large impact of Katrina, 2005 losses are nearly four standard deviations from the mean and exert an upward pull on the overall trend. Overall, US hurricane losses from 2004 and 2005 as well as China flood losses exert a strong influence on the trend. To separate out the impact of these events on the overall results, we ran the regression separately with the respective losses removed (Table 12 .A1). The log of normalized losses by year is shown in Figure 12 .5.
When it is analyzed over the full survey period , the year is not statistically significant for global normalized losses. However, it is significant with a positive coefficient for normalized losses for specific regions, such as Canada at 10%, Korea at 5%, and China at 1% (in each of which the earlier record is known to be incomplete). The coefficient is negative (but not significant) for Australia, Europe, India, Japan, and the Philippines. Conclusions post-1950 are difficult to make owing to the lack of data. With the information available we do not find evidence of an upward global loss trend.
For the more complete 1970-2005 survey period, the year is significant, with a positive coefficient for (i.e., increase in) global losses at 1% with an r 2 value of 0.20, China at 1% (although again the early part of the record is likely to be incomplete), global tropical cyclones at 5%, and Caribbean losses at 10%. When Katrina losses are removed the global trend is significant at 5%. When US hurricane losses from 2004 and 2005 or China flood losses are removed, the trend is no longer significant. There is a decreasing trend in normalized losses for the Philippines at 5%, and India at 1% (all located around the eastern Indian Ocean).
Discussion

Disaster loss trends
Before we consider the implications of these findings, we should first explore potential reasons for trends within the dataset. As was already noted, our methodology does not normalize for changes in the vulnerability of buildings, nor does our regression control for improved mitigation, such as reducing flood risk. However, there are several clear regional examples of declining loss trends since 1950 that merit comment. In Europe and Japan extensive investments in coastal flood defenses, in particular during the 1960s, have been well documented; the actual losses from events such as Typhoon Vera or the 1953 and 1962 North Sea storm surges would consequently be significantly reduced below the normalized values if they recurred today. For flood in Europe (Figure 12 .6), the top three loss years all occurred by 1966 and recent flood years have reached less than half the value of the high-loss years in the first 20 years of the record.
While the record of river flood defense improvements in Europe is more mixed than for coastal defenses against storm surges, in Japan the dense concentration of urban populations in low-lying areas has required major investments in riverine flood protection schemes throughout the periods of rapid economic growth. The impact of these investments can be seen in the dramatic reduction in the numbers of houses flooded in typhoons from 1950 through 2005 (Figure 12.7) . Over the same period, improvements in building quality in Japan and the move away from traditional light wooden houses has also caused significant reductions in the numbers of properties severely damaged or lost in typhoons.
Data from Australia also show a downturn in normalized cyclone damages (Figure 12 .8), with the losses from Tropical Cyclone Tracy in 1974 being a record year. However, while there have been significant improvements in building quality since that time, the principal explanation for the trend of declining losses also reflects the absence of any major cyclones hitting highly populated areas.
The reductions in flood losses that can be shown in specific regions are consistent with the overall trend analysis of global flood losses, which shows a decrease in the incidence of high annual totals. However, this has been replaced by more frequent and moderate annual losses, which range between US$20 billion and US$40 billion. The 1990s totals for flood losses are driven by very large flood losses in China, where rapid economic development began 40 years after it did in Japan, and successful flood mitigation schemes have been a feature only since the 1990s. 1960 1965 1970 1975 1980 1985 1990 1995 Figure 12.7. Annual estimates of houses flooded due to typhoons in Japan post-1950. Source: RMS estimates.
losses in a given year and impact trend results over the entire survey period as well. For example, Katrina losses exceed US$100 billion and account for 8% of all normalized tropical cyclone losses, while Typhoon Vera in Japan in 1959 also exceeded US$100 billion of normalized losses. Both these storms generated more than 50% of their economic losses from flooding. The last major program of flood defense improvement in New Orleans was initiated after Hurricane Betsy in 1965. The 2005 flooding of New Orleans could be considered a failure of the 1960s levels of investment in flood mitigation for keeping pace with a rise in hurricane activity. While improved flood mitigation can help explain some part of the reduction of catastrophic flood losses since the 1950s, other causes must be sought in explaining the upward trend in global losses seen since the 1970s.
Climate change
The results of our trend analysis reveal an annual increase in normalized losses of 2%. Isolating the amount of this increase attributable to climate change is difficult, for the various reasons cited earlier. Without fully controlling for other factors that could affect the trend in losses, we can not draw any firm conclusions about the role of climate change in loss trends. In addition, any conclusions about a relationship between global warming and disaster losses are complicated by the sensitivity of statistical results to a few high-loss data points, the short historical loss record, and the limitations of the normalization methodology. Instead, as a simple exercise we modeled the relationship between the annual global temperature anomaly and annual normalized losses. As a basic test, if there is an underlying link between climate change and normalized losses, we would expect the years with the highest (lowest) temperature variations to also have the highest (lowest) losses.
This relationship modeled is given below:
where the total normalized losses in year y (NL y ) are given by the annual global temperature anomaly (TEMP) in year y, which is measured in degrees Celsius relative to the mean temperature from 1960 through 1991. Before we proceed to the results of this exercise, we emphasize that analysis of climatological trends over a span of only 50 years is insufficient to provide definitive conclusions or predictive analysis. The weight of outliers is significant, and one or two data points can exert a strong influence on the trend. Nevertheless, we present the results of this exercise for informative purposes, since the data are largely unavailable for a longer period. Figure 12 .9 plots the relationship between temperature variation and normalized losses post-1950.
We caution that our model does not capture the possibility that there are no underlying factors that are common to years of high (low) temperature variation that would cause us to falsely attribute the trend in disaster losses to climatic reasons. Results suggest that the temperature anomaly is highly significant (at 1%) for normalized losses (r 2 ¼ 0.22) irrespective of the survey period (Table 12 .A2 in the Appendix). Results for Australia, the Philippines, and India are again significant (at the same levels as in the first model) with a negative coefficient. The rise is equivalent to an increase in normalized catastrophe losses of US$4.8 billion (post-1950) and US$6.6 billion (post-1970) for each 0.1 8C rise in global temperatures. For details, please refer to Table 12 .1A in the Appendix. However, these results are highly dependent upon recent US hurricane losses during 2004 and 2005 . When the regression is rerun without these losses, the results are no longer statistically significant (Table 12. 2).
Trend sensitivity
To test the impact of various losses on the trends, we performed four simple tests to explore the sensitivity of the results. We repeated the statistical tests in Equations (12.2) hurricane losses, Katrina losses, China flood losses, and regional wealth differences on our results. In the first three instances, we simply reran the regressions with the relevant losses excluded. Since record years for hazard losses in a developing region would not have exerted such a strong pull on trend significance, we renormalized each region's normalized losses by multiplying them by the ratio of US GDP per capita to regional GDP per capita in order to approximate a homogenous distribution of wealth (Tables 12.A3 and 12.A4 in the Appendix). When US hurricane losses from 2004 and 2005 are removed, our results are no longer significant. When losses are renormalized, the results are no longer significant for the post-1970 period. The other modifications weaken our significance findings, but do not eliminate them. Table 12 .2 summarizes the impact of these modifications. 
Conclusions
The original purpose of this study was to test the many statements that had been made, and charts that had been plotted, appearing to show a significant increase in global weather-related catastrophe losses over time attributed to a rise in global temperatures and anthropogenic greenhouse gas emissions. We identified several factors that must be considered in interpreting the results: (i) the variance in the definition of economic loss, (ii) improvements in loss reporting over time, (iii) changing vulnerability over time, (iv) national level statistics to adjust loss amounts that affect only a specific national region, and (v) the large weight of US losses in accounting for ''global'' normalized losses. Before normalization, the annual rise in losses was about 8%. After normalization, these normalized losses did show a more modest underlying rising trend of 2% per year (from an average of US$36.4 billion in the 1970s to an average of US$64.5 billion from 1996 through 2005: a rise of almost 80%). Therefore, the large portion of the rising loss trend is explained by increases in values and exposure as well as by an increasing comprehensiveness of reporting global losses through time. For specific regions -in particular, India, Australia, and the Philippines -over this same period, there is evidence for a decline in normalized losses.
In sum, we found limited statistical evidence of an upward trend in normalized losses from 1970 through 2005 and insufficient evidence to claim a firm link between global warming and disaster losses. Our findings are highly sensitive to recent US hurricane losses, large China flood losses, and interregional wealth differences. When these factors are accounted for, evidence for an upward trend and the relationship between losses and temperature weakens or disappears entirely.
Finally, it appears that just as hurricane activity and intensity, correlated with a rise in equatorial Atlantic sea surface temperatures (SSTs), have shown the strongest evidence for an increase since the 1970s (Emanuel, 2005) , it is hurricanes in wealthy regions that are today the principal driver of the evidence for an upward trend in global catastrophe losses. 
